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Carbon nanotubes are, as the name implies, nano-scale cylindrical structures consisting of 
monolayer carbon atoms arranged in a hexagonal lattice rolled into tubes. The resulting tubes 
can either be multi-walled or single walled and have a plethora of handy properties that make 
them functional in a wide range of applications. Carbon nanotubes, or CNTs, are known to be 
ultra-high strength, low weight, material that possess highly conductive electrical and thermal 
properties. These attributes make CNTs well suited for virtually any application requiring high 
strength, durability, electrical conductivity, thermal conductivity, and light weight. As such, 
carbon nanotubes are being applied to a wide range of existing technology, including 
transistors, electrodes, nanomedicine, biotechnology, and filtration as well as being used to 
fabricate new tech, like carbon nanotube enhanced composites and nano inks. However, the 
main drawback of carbon nanotubes is that they can only be grown to relatively short lengths 
without them no longer growing in a straight line. 
This project primarily focused on accurately simulating carbon nanotubes using molecular 
dynamics with the ultimate goal of showing that an applied magnetic field can manipulate carbon 
nanotubes. The CNT is generated using a Lennard-Jones potential from AIREBO (Adaptive 
Intermolecular Reactive Empirical Bond Order), a well trusted and often used set of potentials to 
simulate dynamic bonding processes. To verify the validity of the carbon nanotubes, CNTs of 
various lengths underwent deformation at 300K, 500K, 700K, and 900K to determine the tensile 
strength. Once this was done, the determined tensile strength value was compared to the existing 
literature. Finally, an effective magnetic field can be applied to see if there is any deformation 
and its relation to the strength and direction of the magnetic field. By first simulating the 
deformation of CNTs due to a magnetic field, we proved the basic concept that the direction of 
CNT growth can be manipulated by a magnetic field, thereby making carbon nanotubes longer 
and straighter and fundamentally more useful in uses such as nano-fibers, composites, and more. 
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Chapter 0: Introduction
Technological advance is driven by two things, human ingenuity and the materials available.
As human ingenuity is theoretically limitless, it is then important to make sure that the mate-
rials available to produce said technology are constantly improving to accommodate for new
advances, enter carbon nanotubes.
Carbon nanotubes are, as the name implies, nano-scale cylindrical structures consisting of
mono-layer carbon atoms arranged in a hexagonal lattice rolled into tubes. The resulting tubes
can either be multi-walled or single walled and have a plethora of handy properties that make
them functional in a wide range of applications. Carbon nanotubes, or CNTs, are known to be
ultra-high strength, low weight material that possess highly conductive electrical and thermal
properties. These attributes make CNTs well suited for virtually any application requiring high
strength, durability, electrical conductivity, thermal conductivity, and light weight. As such,
carbon nanotubes are being applied to a wide range of existing technology, including transis-
tors, electrodes, nanomedicine, biotechnology, and filtration as well as being used to fabricate
new tech, like carbon nanotube enhanced composites and nano inks (1).
There currently exists limitations to CNTs, for one, they are significantly stronger along their
major axis compared to their minor axis, or strength anistropy, and currently are limited to
length of a few centimeters, with many being much smaller. As carbon nanotubes are grown,
they don’t remain perfectly straight, and often begin to twist and curl back on themselves, thus
limiting the effective length of the tube. The purpose of this paper is to propose a way and pro-
vide basic proof of concept that carbon nanotubes could potentially be manufactured to grow
to longer and straighter lengths by using a magnetic field to pull the nanotubes into a straight
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orientation as they are growing (2).
Chapter one covers the theoretical basis for this project, including the history of carbon nan-
otubes, the simulation method (molecular dynamics), magnetism, and some basic properties I
examined and why. Chapter two covers the computational model, going into detail how the
CNTs were generated using a Lennard-Jones potential from AIREBO, as well as how they
were manipulated using isothermal-isobaric ensembles, deformation, adding Nickel, and ap-
plied forces. Chapter three covers the data and results found once the various processes were
completed, including the tensile strength dependencies, adding nickel, and applying a force due
to a magnetic field. Chapter four covers what I concluded from the various experiments, and
chapter five outlines a plan for future quantitative work on the topic.
The CNTs were generated using a Lennard-Jones potential from AIREBO (Adaptive Inter-
molecular Reactive Empirical Bond Order), a well trusted and often used set of potentials to
simulate dynamic bonding processes between carbon atoms. To verify the validity of the car-
bon nanotubes, they underwent deformation at 300K, 500K, 700K, and 900K to determine the
tensile strength. Once this is done, the determined value was compared to the existing literature.
Next a nickel catalyst was attached to the end of the nanotube using a set of Morse potentials
to simulate the bonds between carbon and nickel, and nickel atoms. Nickel was chosen due
to commonly being used in chemical vapor deposition, as well as being magnetic, and there
existing literature on well-defined potentials in the molecular dynamics program used. The
CNT structure with an attached catalyst is run at the same temperatures as above. Finally, a
magnetic field was applied to see if there is any deformation and its relation to the strength and
direction of the magnetic field. By first simulating the deformation of CNTs due to a magnetic
field, I hoped to prove the direction of CNT growth could be manipulated by a magnetic field,
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ultimately making carbon nanotubes longer, straighter, and fundamentally more useful in uses
such as nano-fibers, composites, and more.
Figure 1: An example of an ideal single-walled carbon nanotube and a multi-walled carbon
nanotube (3)
Chapter 1: Theoretical Basis
1.1: CNTs
History and Uses
Most papers credit Sumio Iijima of the Nippon Electric Company (NEC) Corporation in Japan
with the discovery of Carbon nanotubes (CNT’s). In 1991, Iijima published a paper reporting
the discovery of multi-walled carbon nanotubes (MWNTs) and earned the title of de facto dis-
coverer of CNTs. However, CNTs have been around in nature for far longer than thirty years.
Recently, Ponomarchuk et al. from Russia reported the presence of micro and nano carbon tubes
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in igneous rock formed about 250 million years ago. It is theorized that the migration of hydro-
carbon fluids, organic fluids consisting entirely of hydrogen and carbon, created gas-saturated
areas in which condensation and decomposition of said hydrocarbon fluids in the presence of
metal elements formed the micro and sub-micro carbon nanotubes (4).
It has also been suggested that certain geological conditions may result in the formation of
carbon nanotubes from transformed C60 fullerenes, implying that CNTs are not purely prod-
ucts of human creation but can be made in nature. This is further corroborated by a report of
carbon nanotubes found in a coal-petroleum mix collected in an oil well located on the south-
east shore of Mexico (4).
Carbon nanotubes were also found in a Damascus steel sword from around 900 AD by Pe-
ter Paufler at Dresden’s Technical University. CNT’s were found in the microstructure of wootz
steel, providing further backing for the extraordinarily high strength and ductility of Damascus
steel (4).
In more recent history, carbon filaments were being formed using thermal decomposition of
hydrocarbon in the late 19th century. Later, in the mid 20th century and close to three decades
before Iijima, Russian scientists reported carbon filaments showing tubular morphology. How-
ever, none of the earlier studies of carbon filaments could establish the presence of carbon
nanotubes due to the resolution limitations of the time.
In the late 1950’s, Roger Bacon at Union Carbide reported the growth of sub-micron diame-
ter “graphite whisker” which consisted of one or more concentric tubes of rolled-up a sheet of
graphite layers. The graphite whiskers demonstrated very high mechanical strength and served
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as the performance benchmark for carbon fibers used in the aerospace industry (4).
Since Iijima’s de facto discovery in 1991, carbon nanotube research has continued to grow,
with companies and laboratories around the world continuing to advance our understanding of
CNTs, how to produce them effectively, and how to implement the unique and extraordinary
characteristics of the “material of the 21st century”.
Carbon nanotubes have a plethora of highly applicable qualities that make them well suited
to many technological devices. These properties include electrical conductivity, their strength
and elasticity, thermal conductivity, field emission, and their high aspect ratio (1).
One of the practical interests in carbon nanotubes stems from the electrical conductivity. CNTs
with particular M and N structural parameters, determining twist and known as chirality, can be
highly conducting and therefore be considered a metallic material. Furthermore, their conduc-
tivity has been proved to be a function of their diameter as well as their degree of twist, meaning
carbon nanotubes can act as either semi-conducting or metallic materials in terms of electrical
behavior (3).
Certain configurations of multi-walled nanotubes have been found to have superior conductiv-
ity compared to other metallic CNTs, however inter-wall physical interactions within MWNTs
have been found to cause non-uniform distribution of current over individual tubes, although
this phenomenon does not occur on SWNTs, which have been proven to be the most conductive
carbon fibers known. SWNTs can theoretically reach several magnitudes higher of stable cur-
rent densities than MWNTs, making them highly effective conductors. Additionally, SWNTs
with defects have been found to act as transistors and can direct electrical signals at high speeds
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when used as interconnects on semi-conducting devices (2).
For many materials, their use can be limited due to restraints in strength and elasticity. In
the case of CNTs, they are expected to be the ultimate high-strength fibers. Graphene, the base
molecule of carbon nanotubes forms a planar honeycomb lattice when each atom in the mono-
layer is strongly bonded to three neighboring atoms. These bonds make graphene extremely
resistant to elastic deformation. SWNTs are stiffer than steel and extremely resistant to damage
from physical forces. Also, when the tip of a nanotube experiences a force acting on it, it bends
without causing damage to the top and returns to its original shape upon the removal of the
force (1).
It is difficult to accurately quantify values such as Young’s modulus and as such can be hard
to determine how much more effective than steel CNTs are. However, results of recent exper-
iments have estimated that Young’s modulus of CNTs is as much as one or two magnitudes of
ten higher than steel, making CNTs significantly stiffer than steel. Because of strong in plane
bonds in graphite, CNTs are stiff and strong against axial strain, with almost zero in-plane ther-
mal expansion and large inter-plane expansion. This implies high flexibility and strong in-plane
pairing against non-axial strain (2).
The University of Pennsylvania has recently stated that carbon nanotubes may be the best heat-
conducting material ever known to mankind, meaning CNTs may find applications as miniature
heat conduits in material devices, and that ultra-small single walled nanotubes were shown to
exhibit superconductivity below 20K (2)
Furthermore, when carbon nanotubes are imbedded in polymers, the polymers experience an
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increase in strength characteristics of CNT-embedded matrixes compared to bare polymer ma-
trixes. Nanotube reinforcements in polymeric materials are theorized to markedly increase the
thermal and thermo-mechanical properties of composites (3).
Carbon nanotubes can have a small high-aspect-ratio conductive additive for many types of
plastic. A CNT’s high aspect ratio means that a lower concentration of nanotubes is needed to
increase the electrical conductivity of a polymer compared to other additives. This preserves
the other base qualities of a resin such as its toughness.
CNTs are also known to have varying chirality, or twist, defined by the equation ch = na1+ma2,
where a1 and a2 are fixed vectors and are the basis vectors of the graphene lattice, and the pair
of integers, n and m, are referred to as the chiral index. Together they form the chiral vector,
Ch. The chirality of a nanotube is often shortened to a pair of integers in the form of n and m
in parentheses, for example a (4, 6) chiral nanotube is a nanotube with chiral index 4 and 6 for
n and m respectively. Armchair CNTs occur when n = m, zigzag CNTs occur when n > 0 and
m = 0, otherwise CNTs are just known as chiral.
Figure 2: Chiral examples, where (a) is a graphene sheet (aka an unrolled nan-
otube), (b) has three nanotube, Armchair, Zigzag, and Chiral from left to right.
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Production
Currently there exist three main ways for producing carbon nanotubes, laser ablation of graphite,
arc discharge, and chemical vapor deposition (CVD) (3). In the first two processes to be dis-
cussed, graphite is combusted by means of a laser or electrically, compared to how the carbon
nanotubes are separated while in a gaseous phase for CVD. In all three cases however, a metal
catalyst, such as iron, cobalt, or nickel, is generally used, though certain methods of CVD have
been shown to work using nanopores in templates like Aluminum.
Arc Discharge
Arc discharge is historically known as one of the best ways to produce high quality carbon
nanotubes; this was the method Iijima used to first synthesize CNTs in 1991. Arc discharge
is the electrical breakdown of a gas to generate plasma. This is done by creating a chamber
consisting of two cylindrical electrodes that are mounted in the same plane facing each other.
One electrode is filled with the precursor powdered carbon and the catalyst to be used, the other
is normally a pure graphite rod. The chamber is filled with a gas and then submerged inside a
liquid environment. Once a steady current, either ac or dc, is flowing, the electrodes are brought
into contact to generate an arc and then held stationary with a fixed distance between them. The
arc generates plasma of very high temperature, which in turn sublimes the carbon precursor
inside the anode. The carbon vapor drifts toward the cathode where it comes to thermal equi-
librium. The cathodic deposit, containing the carbon nanotubes, is then collected (5).
Laser Ablation
Laser ablation is another technique for producing carbon nanotubes. In laser ablation, a high-
powered laser is used to vaporize carbon from a graphite source at high temperatures. This
process creates both multi-walled nanotubes (MWNTs) and single-walled nanotubes (SWNTs).
To produce SWNTs, a catalyst must be added to the graphite source, similar to the arc discharge
process. The quantity and quality of carbon nanotubes made is dependent on many aspects, in-
8
cluding the type and amount of catalyst, the wavelength and power of the laser, temperature,
pressure, type of inert gas, and fluid dynamics near the carbon. Carbon nanotubes produced by
laser ablation were found to be up to 90% purer than that of arc discharge (1).
Chemical Vapor Deposition
The chemical vapor deposition method is largely viewed as the most promising method for
creating carbon nanotubes in the future, since it allows the current largest quantity of CNTs
produced under more manageable conditions and at a lower cost. Manufacturers have even
combined a metal catalyst with gas containing carbon reactants to form CNTs on the catalyst
inside high temperature furnaces (6).
The CVD method is to separate a carbon atom-containing (hydrocarbon) gas so it continuously
flows through the catalyst nanoparticle to generate carbon atoms and then carbon nanotubes
form either on the catalyst or the substrate. Common catalysts for CVD include nickel, cobalt,
iron, or a combination thereof. There are two main ways that CNTs can be grown using CVD,
the top-growth mechanism and the root-growth mechanism (6).
When a hydrocarbon vapor comes in contact with heated metal nanoparticles it decomposes
into carbon and hydrogen. The hydrogen leaves with the carrier gas, and the carbon dissolves
in the metal catalyst. When temperatures reach the carbon solubility limit of the metal, the
decomposed carbon particles precipitate and crystallize to form CNTs. The reason for the two
different growth mechanisms stems from how the catalyst and substrate interact. When the cat-
alyst interacts weakly with the substrate, the carbon atoms decomposed from the hydrocarbon
diffuses from the metal catalyst to the bottom of the catalyst and precipitates in between the
substrate and the catalyst, thereby promoting the growth of the entire metal catalyst nanopar-
ticles. This is referred to as tip-growth. The second possibility occurs when there are strong
9
Figure 3: An example of ↵) tip-growth CVD and  ) root-growth CVD using a metal catalyst on
a silicon substrate (6)
interactions between the catalyst and the substrate, forcing the carbon to precipitate from the
top of the metal. This is known as root-growth or called the “basic growth model” (6).
1.2: Molecular Dynamics
Molecular dynamics, at its core, is a method that uses Newton’s equations of motion to computa-
tionally simulate the time evolution of a set of interacting atoms. Such techniques are dependent
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on a description of how the molecules will interact, known as a force field. In this project, there
were two main types of force fields used, an AIREBO potential and a Morse potential (7).
Lennard-Jones Potential
Proposed by Sir John Edward Lennard-Jones, the Lennard-Jones potential describes the po-
tential energy of interaction between two non-bonding atoms or molecules based on their dis-
tance of separation, known as a pair potential due to no three- or multi-body interactions being
covered. The potential equation accounts for the difference between attractive forces (dipole-
dipole, dipole-induced dipole, and London interactions) and repulsive forces, following the ba-
sic principle that two bodies separated by a distance where interaction is possible are attracted
to each other, but when brought too close they experience strong repulsive forces (8).
The Lennard-Jones model consists of two parts; a steep repulsive term, and smoother attrac-
tive term, representing the London dispersion forces, with the term raised to the 12th power
representing the repulsive forces and the term raised to the 6th power representing the attractive







Where ✏ is the well depth and a measure of how strongly the two particles attract each other.
  gives a measurement of how close two nonbonding particles can get and is thus referred to
as the van der Waals radius, meaning   is effectively the distance at which the intermolecular
potential between the two particles is zero. It is equal to one-half of the internuclear distance
between nonbonding particles. Lastly r is the distance of separation between the two interacting
particles (8).
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Figure 4: The above is an example of a Lennard-Jones potential, where the at-
tractive and repulsive forces result in an equilibrium at the bottom of the potential
well (8)
AIREBO Potential
The first potential utilized in this work is an AIREBO, or Adaptive Intermolecular Reactive
Empirical Bond Order, potential, and is an extension on the more fundamental REBO poten-
tial. REBO was developed by Brenner in 1990, using the Abell-Tersoff bonding formalism, a
general expression for binding energy that is a sum of near neighbor pair interacion that are
moderated by the local atomic environment, and later underwent further improvements. The
potential was originally designed to model CVD of diamond. Since then, it has been applied to
a wide range of problems involving carbon and hydrocarbon systems, including growth mech-
anisms and properties of amorphous and diamond-like carbon films, friction and fracture of
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diamond crystals, tribological properties, and indentation response of carbon materials such as
amorphous carbon, graphene, CNT, nanomechanical response and properties under stress of
CNT and graphene membranes and graphene nanoribbons, growth mechanisms of CNT, prop-
erties of carbon nanostructures, and more. The potential consists of three major components:
pairwise attractive (VA) and repulsive (VR) functions, and a bond-order term bij which accounts
for the angular and coordination dependence of the carbon covalent bonds. The bond order term
also includes torsional and ⇡ conjugation terms (9). Within this model, the energy of an atom i




fc(rij)(VR(rij)) + b̄ijVA(rij)) (2)
Where fc(r) is a switching function, which is applied in the interval of interatomic distances
between some distance r1 < r < rc; r1 = 1.7A and rc = 2A. The cutoff radius rc is used to
determine whether or not two atoms are interacting. For r > rc, E = 0, therefore, to ensure
the continuity of the potential function at rc, E approaches 0 when r approaches rc. Otherwise,
discontinuities in energy and forces would cause non-physical behaviors (9). This is realized
by “switching off” the interactions using fc(r), the switching starting at r = r1. The switching





1 if r < r1
1





] if r1  r < rc0
0 if r   rc
(3)
Where fc satisfies the conditions fc(r1) = 1 and fc(rc) = 0, while possessing a smooth behav-
ior in between (9). The attractive (VA) and repulsive (VR) pairwise functions from Eq. 2 are
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expressed as:









Table 1: Table of values for AIREBO (9)
B1 = 12388.79eV B2 = 17.57eV B3 = 30.71eV
 1 = 4.72Å 1  2 = 1.43Å 1  3 = 1.38Å 1
Q = 0.31Å A = 10953.54eV ↵ = 4.75Å 1
Where Q, ↵,  n, A, and Bn are defined in Table 1. and are a series of constants found to accu-
rately simulate the unique carbon-carbon interactions. The bond order term bij , the fundamental























, the sum of conjugation and dihedral terms respectively, describes
the chemistry of radical and conjugated carbon systems, g is the angular function, necessary to
describe covalent bonding, and Pij is an empirical correction function of the number of carbon






The angular function g(cos(✓)) was parametrized using carbon solids (graphene and diamond)
and hydrocarbon molecules as a fitted database. All the parameters of the model were obtained
by extensive search of the parameters allowing the REBO potential to describe a wide variety
of situations involving carbon materials. Nonetheless, it is highly unrealistic to think that an
empirical potential will be perfectly transferable, in other words will yield accurate results in
situations not anticipated or simply not taken into account during the parametrization phase of
the potential. As an example, it is known that the liquid and amorphous phases are poorly de-
scribed by the REBO potential, which could be simply explained by the fact that these systems
were not of the primary interest for the developers of the potential. In order to improve the
transferability, the behavior of carbon systems under high compression or stretching is also to
be taken into account (9).
Now that a basic understanding of REBO is established, it is possible to discuss AIREBO, for
which REBO is a precursor. The adaptive intermolecular REBO (AIREBO) potential was devel-
oped by Stuart, Tutein and Harrison based on the second generation REBO potential, although it
was published earlier. The potential aims at improving a description of non-bonded interactions
in the systems where they play a key role such as liquid and amorphous solids and graphite. It
has been applied to study compressed CNT filled with C60 (buckminsterfullerene) molecules,
the bombardment of silver by C60 molecules, the stress-induced warping of graphene sheets
and nanoribbons, and more (9). To take into account the non-bonded interactions, a long-range








Instead of a simple distance-dependent additive interaction, the LJ term is turned on and off via
a more complex process, taking into account, in addition to interatomic distance, the strength
of the bonding interactions between the two atoms and the local environment of the bond (9).




))CijVLJ(rij) + [1  S(tr(rij))]CijVLJrij (10)
where S(t) is a switching function:
S(t) = ⇥( t) +⇥(t)⇥(1  t)[1  t2(3  2t)] (11)
⇥(t) is the Heaviside step function, and the S(t) function smoothly switches between the values
















The bond order term b⇤
ij




Finally, Cij is a switching function which takes into account the local connectivity of the atoms,
reflecting the fact that the interactions between first and second neighbors are already well de-
scribed by the REBO part of the potential. Therefore, Cij ensures that that the LJ part is included
only for the cases where the energy between the pair would otherwise be omitted (9).
Morse Potential
The second type of potential, or force field, utilized is known as a Morse Potential, named after
physicist Philip M. Morse. The Morse potential is a convenient interatomic interaction model
for the potential energy of a diatomic molecule. It is a better approximation for the vibrational
structure of the molecule than the quantum harmonic oscillator because it explicitly includes
the effects of bond breaking, such as the existence of unbound states. It also accounts for the
anharmonicity of real bonds and the non-zero transition probability for the transition from a
ground state to the second excited state and combination bands. The Morse potential can also
be used to model other interactions such as the interaction between an atom and a surface. The
Morse Potential energy function is of the form (10):
V (r) = De[(1  e  (r Re))2   1] (15)
17
Where r is the distance between the atoms, De is the binding energy, Re is the distance for







Where ke is the force constant at the minimum of the well (10).
Figure 5: Example of a Morse Potential well, note: it looks almost identical to a Lennard Jones
Potential well. D0 is the dissociation energy, and slightly different from the well depth (10)
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1.3: Tensile Strength
The tensile strength of a material is the maximum load that a material can support without
fracture when being stretched, divided by the original cross-sectional area of the material and
is found by examining the maximum on engineering stress-strain curve. Additionally, tensile
strength is one of the most important physical characteristics of a material and is one of the
major considerations in material choice for structural applications. It is important to note that
tensile strength is an intensive property, meaning that it only depends on the type of material
present, not the amount (11).
To test the tensile strength of a material, some form of tension is applied until deformation
and ultimately breakage in the form of fragmentation or plastic deformation until rupture. The
actual tensile strength is found from the stress-strain curve, where the tension causing the de-
formation is the stress and the percentage of deformation relative to the original structure is
strain (12).
The ultimate tensile strength is the maximum on the engineering stress-strain curve. This corre-
sponds to the maximum stress that can be sustained by a structure in tension, and is represented





Equation 17 is how to calculate stress, with   being the stress, F being the force applied to
the material, and A being the cross sectional area under tension. Strain is a unitless quantity,
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and is calculated by taking the change in length of a material divided by the original length (13).
1.4: Magnetism
Magnetism is one aspect of the phenomena known as electromagnetism and can arise one of two
ways: electric currents or magnetic moments of elementary particles, though on a fundamental
level they are the same. The occurrence of magnetization in materials like nickel is explained
by means of ’spin’: a quantum mechanical concept. Electrons all have a property of angular
momentum, or spin, and most electrons tend to form pairs in which one of them is “spin up”
and the other is “spin down,” in accordance with the Pauli Exclusion Principle, which states that
two electrons cannot occupy the same energy state at the same time. In this case, their magnetic
fields are in opposite directions, so they cancel each other. In elements such as iron, nickel,
cobalt and gadolinium, there is interaction between so-called ’unpaired spins’. This interaction
ensures that the magnetic moments of atoms can permanently align parallel to each other. The
sum of all these small magnetizations forms the net magnetization of the material. The other
way of producing a magnetic field is by electrical currents, effectively meaning that when elec-
trons move (ie current is flowing through a loop of wire) they create a magnetic field along the
axis of the loop (14).
A force can be exerted on a material by magnetic fields if a set of requirements is met, if
the material is charged and those charges are in motion. If the charge is at rest, there is no inter-
action, however, if the charge moves, it experiences a force that is directly proportional with its
velocity. This is mathematically demonstrated by examining the part of the Lorentz Force Law
associated with the magnetic field, describing the force on a charged particle in motion (15).
FEB = q ~E + q(~v ⇥ ~B) (18)
20
Where q is the charge in motion, ~E and ~B are the electric and magnetic fields acting on the
charge respectively, and ~v is the velocity of the charge. An alternative way of expressing the
force between magnetic objects and a magnetic field is the magnetic dipole-dipole interaction.
If all of the magnetic dipoles that make up two magnets are known, then the net force on both
magnets can be determined by summing up all these interactions between the dipoles of the first
magnet and that of the second (15).
Far away from a magnet, its magnetic field is described by approximating a dipole field charac-
terized by its total magnetic dipole moment, m. One characteristic of a dipole field is that the
strength of the field falls off inversely with the cube of the distance from the magnet’s center.
The magnetic moment of a magnet is therefore a measure of its strength and orientation. A
loop of electric current, a bar magnet, an electron, a molecule, and a planet all have magnetic
moments. More precisely, the term magnetic moment normally refers to a system’s magnetic
dipole moment (15).









The magnetic flux density, the strength of the magnetic field, in Teslas is shown by Eq 4. where
µ0 is the vacuum permeability, ~m is the magnetic moment, ~r is the vector distance between
charges, and r is the radial distance from the dipole. This generates a force on another dipole
as shown by Eq 5. where ~m2 is the magnetic moment of a second dipole being acted on by the






Both the torque and force exerted on a magnet by an external magnetic field are proportional
to that magnet’s magnetic moment. The magnetic moment is a vector. The direction of the
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magnetic moment points from the south to north pole of a magnet (inside the magnet). For
example, the direction of the magnetic moment of a bar magnet, such as the one in a compass is
the direction that the north poles point toward. In Ampère’s model, magnetic dipole moments
are due to infinitesimally small loops of current. For a sufficiently small loop of current, I , and
area, A, the magnetic dipole moment is (14):
m = IA (19)
I believe there are several reasons a magnetic field will interact with a CNT. For one, a CNT
is diamagnetic, meaning CNTs tend to become magnetized in a direction at 180 degrees to the
applied magnetic field. Additionally, free carbon atoms experience a force due to them having
charge and being in motion, thus meeting the Lorentz force law requirements, and lastly a metal
catalyst such as Nickel or Iron is magnetic.
Chapter 2: Computational Model
The material systems investigated in this study underwent a series of processes to both vali-
date the potentials and structures used as well as prove that a force applied to the carbon nan-
otube and catalyst will result in movement. The simulations were performed using molecular
dynamics, a method that uses Newton’s equations of motion to computationally simulate the
time evolution of a set of interacting atoms, but were specifically executed using LAMMPS, or
Large-scale Atomic/Molecular Massively Parallel Simulator. LAMMPS is an open-source code
and has been used for modeling solid-state materials, soft matter, and coarse-grained systems
by running on single processors or in parallel using message-passing techniques and a spatial-
decomposition of the simulation domain (16).
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First and foremost is the generation of the structures, done by a third-party website known
as TubeGen. According to their website,
TubeGen, quite simply put, generates tubes. The kind of tubes it generates is its
primary distinction: molecular nanotubes. Originally written to generate just car-
bon nanotubes, TubeGen now has the ability to generate both periodic and discrete
molecular input files for a variety of packages in both the basic Carbon-Carbon
flavor as well as alternate compositions (Boron-Nitride, for example) (17).
TubeGen was developed with the financial support of the National Science Foundation, and
since creation has been used by various institutes and labs to accurately generate locational
data for carbon nanotubes. By choosing the desired chirality and atom number, it was a quick
and efficient method to generating the basic structure that could then be manipulated to suit my
purposes. Figure 6. is what a generated carbon nanotube from TubeGen looks like, after the data
output from TubeGen, Figure 7., is converted in to a form the programs used can understand,
Figure 8.
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Figure 6: Generated CNT adapted to work in LAMMPS
Figure 7: An example of a data file
format generated by TubeGen
Figure 8: Example of an input data for
a (12, 12) Chiral CNT in LAMMPS
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Initialization
Figure 9: Initialization section
The first part of the input file used to simulate and manipulate the carbon nanotubes was desig-
nating overall settings:
• Atom style atomic sets the type of atoms that are used for generation of the nanotubes.
The command used, atomic, is the default type (16).
• Units sets the type of physical units used throughout this simulation. The exact units for
“metal” are given in Appendix (16).
• Boundary determines the type of boundaries used by the structure, in this case periodic
boundary conditions are used as the unit cell is repeated in all directions due to require-
ments for other commands used (16).
• Newton on command turns Newton’s third law on or off for pairwise and bonded inter-
actions (16).
Input Data
Figure 10: Data input
25
The next part of script is where the simulation reads the locational data needed to produce the
carbon nanotube:
• Read data reads the data file that contains the locational information in the cartesian
coordinate system and sets the atom count and operational box limits (16).
• Replicate replicates the structure in whichever specified direction, for example, the above
command replicates the CNT 10 times in the z-direction, providing an easy way to in-
crease the length of the carbon nanotube (16).
Force Fields
Figure 11: Commands defining force potentials
This section is where the force fields that govern the molecular dynamics simulation are put in
place.
• pair style sets the type of energy potential used in this simulation. In this project a hybrid
energy potential was used, using AIREBO and Morse. These were chosen due to previous
works using them to accurately simulate CNTs and their interaction with nickel (16).
• pair coeff specifies the pair-wise force field coefficients for all the possible atom pairs.
In other words, it provides the potential energy file, and finally puts a chemical identity
to the two types of blank atoms that are in the CNTs (16).
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Print
Figure 12: Dump commands
The output files that are used to visualize what was occurring throughout the simulation required
a section to specify how often and in what style the data is recorded as.
• Dump commands save a snapshot of the structure after a certain number of steps, here
saving every 1000 steps. The two file types, xyz and atom, are necessary as different
visualization programs use different extensions. VESTA and VMD were mainly used
and need xyz and atom style dump commands respectively (16).
• dump modify designates the chemical identity of the atom types, as the base dump com-
mand saves them as merely atom type 1 or 2. In this case, 1 and 2 represent carbon and
nickel respectively (16).
Relaxation
Figure 13: Box relaxation
To ensure a fully stable carbon nanotube, the atoms must be allowed some amount of space to
adjust and equilibrate at their lowest energy state. This process is known as energy minimization
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or relaxation and is used to find an arrangement of atoms where the net interatomic force is as
close to zero as possible, so the overall internal energy is minimal. In LAMMPS, this is achieved
by iteratively adjusting the positions of each atom until the lowest energy state is found.
• fixbox/relax changes the external pressure to allow the box size and shape to be adjusted
as needed during minimization, as well as setting a stopping criteria for the iterative step,
as the internal pressure should approach the external pressure of the system (16).
• minimize calls the iterative energy minimization process, as well as the stopping toler-
ances for changes in energy and force, respectively. The last two numbers set maximum
number of iterations and evaluations to avoid an infinite loop (16).
• Run command is simply telling the simulation to run for the said amount of timesteps
(16).
• Unfix ends the energy minimization process and defaults all changes made in this sec-
tion, so that only the minimized structure remains (16).
Output
Figure 14: Controls log file output
This section’s primary purpose is to determine what information about the system and the atoms
is shown in the output log file, which details the numerical values specified.
• Thermo command determines after how many steps a new line is written down, in this
case 10 (16).
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• Thermo style sets the format in which the data is recorded. In the simulation there are
two sections that are important, the minimization/thermalization and the deformation. In
the minimization segment the step, pressure in xyz direction, the length of the CNT in
the xyz direction, the temperature, and the total energy were output. In the deformation
section, the step, temperature, strain, pressure in the z-direction, potential energy, kinetic
energy, and total energy were output (16).
Thermalization
Figure 15: Setting the temperature of the system
In this section, the carbon nanotubes are brought up to a desired temperature and allowed to
stabilize so there is minimal fluctuation from the desired temperature.
• fix npt command performs constant NPT integration to update position, velocity, ori-
entation, and angular velocity each timestep for body particles in the group using a
Nose/Hoover temperature thermostat and Nose/Hoover pressure barostat. P is pressure;
T is temperature. This creates a system trajectory consistent with the isothermal-isobaric
ensemble. The thermostat is applied to both the translational and rotational degrees of
freedom for the body particles, assuming a compute is used which calculates a tempera-
ture that includes the rotational degrees of freedom. In this case, the desired temperature
was 300 Kelvin (16).
• Run command runs the simulation for 100000 timesteps (16).
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• Unfix ends the thermalization process and proceeds to keep the temperature steady at
300 Kelvin (16).
Compute
Figure 16: Calculating various values
This section is computing some basic values and variable setting that is used during the defor-
mation step to allow for consistent deformation and a built-in process for calculating strain.
• T imestep command sets the timestep size for subsequent molecular dynamics simula-
tions, in this case setting it as 0.0005* 0.001 picoseconds. T imestep essentially deter-
mines how often the program recalculates the position, energy, etc. of each atom (16).
• V ariable command assigns one or more strings to a variable name for evaluation later
in the input script or during a simulation. In this case, srate and srate1 are setting the
deformation of the structure to be 0.01 angstroms per timestep. StrainPerTs is the strain
generated per timestep, and strain is the total strain present in the system (16).
Deformation
Figure 17: Deforming the structure
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Finally comes the deformation part of the simulation. This process is used to deform the carbon
nanotube bit by bit over an extended run time in order to get an accurate assessment of the
tensile strength of the CNT
• Fix deform changes the volume and/or shape of the simulation box during a dynamics
run. In this case, the erate style changes a tilt factor at a constant engineering shear strain
rate (16).
• Run is setting the deformation process to run over the span of 500000 steps (16).
Magnetic Motion
Figure 18: Moving the structure based on magnetic force
The last section used to manipulate the carbon nanotubes is the process of magnetic motion.
Since there is no designated way to simulate magnetism in LAMMPS, a different approach was
used. By separating the two main components of the simulation into two groups, the CNT and
the catalyst, I then applied forces to each group along the z-axis to simulate the effect of an
applied magnetic field.
• Group command identifies a collection of atoms as belonging to a group and can then
the group ID can later be used to manipulate just that group of atoms. This was used to
separate the two main components of the simulation, the CNT and the attached catalyst
(16).
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• Fix aveforce applies an additional external force to a group of atoms in such a way that
every atom experiences the same force. The existing force is averaged for the group of
atoms, component by component. The actual force on each atom is then set to the average
value plus the component specified in this command. This means each atom in the group
receives the same force (16).
• Fix addforce adds a corresponding component of force to each atom in the group. Unlike
ave force, this command does not take in to account any other forces acting on the atoms
in a group and simply adds a force in the direction specified (16).
It is important to note that the fix commands do not perform any actions onto the structure
itself, but instead place the box in an environment, and the structure responds accordingly as
the simulation progresses.
Chapter 3: Results
To develop a fundamental understanding and prove the validity of the simulation, the stress-
strain plots of various lengths, chirality, and at multiple temperatures are studied and the result-
ing dependencies are discussed. Then, once the system is proven valid, the system movement is
studied to show that a force acting on the catalyst and nanotube along the direction of the axis
is discussed to prove that a magnetic field will help straighten carbon nanotubes in production.
3.1 Tensile Strength
Present results indicate quantitatively agree with that of accepted values of ultimate tensile
strength of carbon nanotubes ranging up to 200GPa (18). In order to prove the validity of
the simulation, there were a series of plots generated to calculate the tensile strength of carbon
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nanotubes of various chirality, (2, 2), (6, 6), and (12, 12), at various lengths, those lengths be-
ing about 25 nm, 50 nm, and 75 nm. Each length carbon nanotube was also generated at four
different temperatures, 300 K, 500 K, 700 K, and 900 K. The following plots are generated by
examining the output data from a nanotube with chirality (12, 12).
In order to plot the stress-strain curve, the output file from the molecular dynamics software
was placed in an Excel file. By manipulating the pressure, which is equivalent to the stress in
units of bars, by multiplying by a value of 0.0001 to convert to GPa, the two sets of correspond-
ing data, stress and strain, were plotted. To then determine the maximum tensile strength, a
max command was run in excel over the stress data. The Figures 23 through 34 were produced,
each plot consisting of a unique combination of temperature and length. Note, these are just
the stress-strain curves of a (12, 12) chiral carbon nanotube at various temperatures and lengths.
For the remainder of the plots, see Appendix.
On the stress strain plots, I believe there are three main points of interest, the proportional
limit, the yield point, and the ultimate tensile strength. The proportional limit is the point on
a stress-strain curve where the linear, elastic deformation region transitions into a non-linear,
plastic deformation region. This point is just before the first small bump in the plot, and marks
the point where the first signs of potential fracturing might occur. The second point, the yield
point, which is the point on a stress-strain curve that indicates the limit of elastic behavior and
the beginning of plastic behavior. Below the yield point, a material will deform elastically and
will return to its original shape when the applied stress is removed. And lastly, the ultimate
tensile strength, which occurs at the global maximum on the stress strain curve. However, for
the purpose of this project, the main focus will be on the ultimate tensile strength (12).
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By calculating the ultimate tensile strength, it was possible to get a clear idea whether the simu-
lation was functioning properly. By identifying what the ultimate tensile strength is, I compared
the calculated value to the accepted range of tensile strength in the literature, which can be as
low as 13 GPa to as high as 200 GPa. The calculated values all fall well within the range of
acceptable values, thus proving the validity of the potentials, input files, and commands used
to simulate thermalization and deformation. It is also important to note that the tensile strength
has negligible dependency on the length of the nanotubes, which is logically consistent. Tensile
strength is an intrinsic property, and as such is not dependent on the amount of material present.
Figure 19: Side view of a (12, 12) Chiral CNT Figure 20: Side view of a (6, 6) Chiral CNT
Figure 21: End view of a (12, 12) Chi-
ral CNT

























Stress Strain curve of a (12,12) CNT at 300K
Stress-Strain
Ultimate Tensile Strength
Figure 23: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 300K
Stress-Strain
Ultimate Tensile Strength
Figure 24: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a
























Stress Strain curve of a (12,12) CNT at 302K
Stress-Strain
Ultimate Tensile Strength
Figure 25: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 492K
Stress-Strain
Ultimate Tensile Strength
Figure 26: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a
























Stress Strain curve of a (12,12) CNT at 501K
Stress-Strain
Ultimate Tensile Strength
Figure 27: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 497K
Stress-Strain
Ultimate Tensile Strength
Figure 28: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 701K
Stress-Strain
Ultimate Tensile Strength
Figure 29: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a






















Stress Strain curve of a (12,12) CNT at 700K
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Ultimate Tensile Strength
Figure 30: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 696K
Stress-Strain
Ultimate Tensile Strength
Figure 31: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a






















Stress Strain curve of a (12,12) CNT at 910K
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Ultimate Tensile Strength
Figure 32: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a























Stress Strain curve of a (12,12) CNT at 905K
Stress-Strain
Ultimate Tensile Strength
Figure 33: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a






















Stress Strain curve of a (12,12) CNT at 892K
Stress-Strain
Ultimate Tensile Strength
Figure 34: The above plot is the stress strain curve of a CNT with chirality (12, 12) made at a
temperature of 892 K with a length of 75 nm
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3.2 Length Dependence
By examining Table 2 and plotting the tensile strength with respect to length at a specific tem-
perature, a plot such as Figure 35 was created. The plot was generated by taking the average of
the the five tensile strengths at 700 K for a (12, 12) chiral nanotube and plotting them at their re-
spective lengths. From the plot and the corresponding horizontal fit line, it seems apparent that
there is no dependence on length for the tensile strength. This trend was the same across other
chiralities and temperature. It is important to note however, that these fit lines were generated
just over the lengths discussed, and as such it remains a possibility that a greater length could
change the tensile strength, however I do not believe this is the case due to tensile strength being




























Length Dependence of Tensile Strength
Tensile Strength
Fit
Figure 35: The above plot is a demonstration of the lack of tensile strength
dependence on length of a CNT with chirality (12, 12) made at a tempera-
ture of 700 K
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3.3 Temperature Dependence
The resulting tensile strengths based on the length and temperature of the carbon nanotube are
as follows:
Table 2: Table of tensile strength with respect to temperature and length of
CNT with chirality (12, 12)
Length (nm) # of Atoms Temperature (K) Tensile Strength (GPa)












When plotted, as seen in Figure 36, there is a clear temperature dependence for the tensile
strength of carbon nanotubes. The slope of the fit line is  0.0476667, meaning that the ten-
sile strength of the nanotubes are decaying at a rate of about 0.05% per increase in 1 degree
kelvin. I believe the decay in tensile strength is due to a decrease in stability of the interatomic
C-C bonding of the carbon nanotube as the system increases in temperature. As temperature
increases, the individual carbon atoms have increased kinetic energy, ultimately decreasing the
energy needed to break a C-C bond.
Figure 36, and similarly Figure 37 and Figure 38, were plotted by taking the average tensile
strength of the three lengths, 25 nm, 50 nm, 75 nm, generating an average tensile strength per
temperature variant, resulting in a data pair consisting of (Temperature, TensileStrength).
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These values were plotted and Figures 36 through 38 were generated from these datasets using
a simple plotting and linear fitting method.
This trend is consistent across chirality. As seen in Figure 37 and Figure 38, the trend of
decaying tensile strength is about 0.05% as temperature increases regardless of chirality. This
is logically consistent, if tensile strength is dependent on temperature for one chirality, it should
be dependent on any chirality. The error bars in Figures 36   38 were calculated by taking
the standard deviation from the average values of the tensile strength and temperature, which
experienced relatively minor fluctuations with the exception of the (2,2) chiral nanotubes. The
exact cause of this increase in standard deviation is unknown, though after running through the




























Tensile Strength as a function of Temp of a CNT with Chirality (12,12)
Tensile Strength
fit
Figure 36: The above plot is showing the temperature dependence of tensile
strength of a (12, 12) CNT
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Table 3: Table of tensile strength with re-
spect to temperature and length of CNT
with chirality (6, 6)













Table 4: Table of tensile strength with re-
spect to temperature and length of CNT
with chirality (2, 2)










































Tensile Strength as a function of Temp of a CNT with Chirality (6,6)
Tensile Strength
fit 1
Figure 37: The above plot is showing the
temperature dependence of tensile strength of




























Tensile Strength as a function of Temp of a CNT with Chirality (2,2)
Tensile Strength
fit 1
Figure 38: The above plot is showing the
temperature dependence of tensile strength of
a (2, 2) CNT, the greater magnitude of error

































Figure 39: The above plot is showing the temperature dependence of tensile strength of all the
CNTs tested, although the values differ, it is clear that there is a similar dependence regardless
of chirality or length
There is clearly a similar correlation between tensile strength and temperature that occurs re-
gardless of length or chirality. Figure 39. shows the temperature dependence of tensile strength
for the (12, 12), (6, 6), and (2, 2) nanotubes. So far, results were as expected, with tensile
strength having no dependence on length but dependence on temperature, and verified the va-
lidity of the simulation, with values of tensile strength falling within acceptable ranges as well
as being logically consistent with physical properties.
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3.4 Chirality Dependence
However, from validating the simulation came another dependency for tensile strength, chiral-
ity. It is clear from examining Figure 40 that the tensile strength is linearly dependent on the
chirality. The dependence on chirality of tensile strength for carbon nanotubes has been corrob-
orated in theory by (18) and (21). This is logically consistent as well, due to the difference in the
nanotube axis and C–C bond directions. Under high tension, the load is transferred differently
to the bonds according to their orientations relative to the axis.
Figure 40 was made by taking the average tensile strength at 700 K of each of the respective
CNT lengths, 25 nm, 50 nm, and 75 nm, and the five trials done at 700 K and plotting with re-






























Tensile Strength as a function Chirality
Tensile Strength
fit 1
Figure 40: The above plot is showing the dependence of tensile
strength as a function of Chirality at 700 K, this is the same re-
gardless of length due to tensile strength lacking a dependence on
length
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Figure 41: The above is showing how differ-
ent chiral natures are placing stress on the C-
C bonds, (a) represents a ”perfect” nanotube,
(b-c) represent chiral CNTs with chirality (2, 2)
and (1, 1) respectively, (d) represents a zig-zag
CNT, and (e-f) represents how bond rotation
can cause a dislocation (21)
In Figure 41 there are several examples of
how different chiral natures affect the stress
placed on the C-C bonds in various CNTs.
(a) represents a ”perfect” nanotube where the
bonds are nearly longitudinal. (b-c) represent
chiral CNTs with chirality (1, 1) and (2, 2)
respectively, while (d) represents a zig-zag
CNT. (e-f) represents how bond rotation can
cause a dislocation (21). I believe this was the
cause of the chiral dependency I found in my
simulations, a higher chirality indicates a nan-
otube being closer to what is known as a “per-
fect nanotube”, demonstrated in Figure 41 as
nanotube (a). A perfect nanotube is defined as
having carbon carbon bonds as close as pos-
sible to longitudinal. This is logically consis-
tent with my findings, as chirality increased,
the bonds became more longitudinal, thus closer to a perfect nanotube and ultimately increased
the tensile strength.
3.4 Attaching a Nickel Catalyst
Now that the validity of the carbon nanotubes is confirmed, the nickel catalyst can be attached
to one end of the carbon nanotube. This was done using an AIREBO/Morse potential hybrid
as discussed in Chapter 1 Section 2.ii and 2.iii. The potential used was developed by (25)
and confirmed to be an accurate representation of the C-Ni interaction as well as the Ni-Ni
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interaction. To verify that the results achieved by Safina et al. (25) were consistent with the
model used in this paper, a similar procedure was used. According to Safine et al. (25), a small
clump of less than 100 nickel particles, considered as the critical transition between nanocluster
and nanoparticle, placed inside the nanotube and allowed to reach thermal equilibrium would
appear as seen in Figure 42, where the Nickel cluster breaks apart and migrates towards the
walls of the carbon nanotube.
Figure 42: Thermalized CNT with a Nickel clump placed inside a CNT from Safina et al. where
a Nickel cluster made up of less than 100 atoms breaks apart during thermalization (25)
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When a similar situation was simulated, Figure 43, the results were the same, the nickel nanopar-
ticles moved towards the wall of the carbon nanotube and interacted with the carbon atoms there,
similarly to what was demonstrated by Safina et al. By doing so, the AIREBO/Morse hybrid
potential was proved to be a valid model for simulating carbon nanotube interaction with nickel.
Figure 43: Simulated thermalized CNT with a Nickel clump placed inside, the images progress
to reach thermal equilibrium in alphabetical order with A) being at 0 K and D) being 700 K and
B) and C) occuring at about 1/3 and 2/3 of the way through the process respectively.
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3.5 Applied Magnetic Field
Now that the validity of the simulated carbon nanotubes with the nickel catalyst is confirmed,
a simulated force due to an applied magnetic field can be applied. LAMMPS is lacking in any
official magnetic field parameters or fixes, and the closest that is possible is using a command
to fix the electric field, thus partially fixing the Lorentz Force, but in order to properly simulate
a magnetic field an entirely new potential would still need to be made. As this is a lengthy
process and requires various verification by third parties it is outside the scope of this research
project, and simply switching programs would require setting up entirely new programs on the
RIT supercomputing systems. Therefore, the alternative solution was to approximate the effect
of an applied magnetic field using the fix aveforce command on two groups of atoms; the carbon
atoms making up the nanotube and the nickel atoms making up the catalyst.
Figure 44: CNT with chirality (12, 12) and a circular nickel catalyst attached to the end
Once the nickel catalyst was attached to the end of the carbon nanotube and allowed to reach
thermal equilibrium, a force modeling that applied by a magnetic field of 0.1 T was applied
to both the nanotube and the catalyst independently. The result was the nanotube and catalyst
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moved across the simulated box in a steady continuous motion. To verify the results, an effec-
tive force applied by a magnetic field of 0.1 T, 0.2 T, 0.3 T, 0.4 T, and 0.5 T were applied to
the same system five separate times. Once the magnetic field was applied, three things were























Figure 45: Stress during movement as a function of time of a (12, 12) chiral nanotube with
Nickel catalyst at 700 K, where each step is 0.001 picoseconds
Figure 45. is the stress on the nanotube in the x, y, and z directions for a (12, 12) chiral nan-
otube and nickel catalyst at 700 K with an applied magnetic field of 0.1 Tesla, with the in-
dividual values representing the magnitude of the stress tensor in the x (blue), y (red), and z
(purple) direction. By examining the stress on the nanotube during the application of the force,
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I discerned that there was no major deformation or fractures due to the stress not reaching the
required value for either the yield point or the tensile strength for a (12, 12) nanotube at this
temperature. Additionally, when viewed using Visual Molecular Dynamics, VMD, there was
no fragmentation when the force was applied, but steady, continuous motion was seen in the
axial direction. I believe the slight increases in stress along the nanotube is due to the nature of
the motion of the CNT. When viewed using VMD, there were slight deformations causing the

























Total Energy During Movement
Total Energy
Figure 46: Total energy during movement as a function of time of a (12, 12) chiral nanotube
with Nickel catalyst at 700 K, where each step is 0.001 picoseconds
The other property of the system analyzed was the total energy. Figure 46 is the total energy for
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a (12, 12) chiral nanotube, composed of 9600 carbon atoms, and nickel catalyst, composed of
249, at 700 K with an applied magnetic field of 0.1 Tesla. By examining the total energy, I was
able to discern that the structure was stable. If some major fault in the simulation did occur, the
total energy would have drastic spikes. As it is, I believe the initial change in total energy is
caused by the addition of the forces on the nickel and carbon atoms, but the overall similarity
in total energy values leads me to believe the structure was stable.
The effect due to an applied magnetic field was tested on a (12, 12) chiral nanotube, com-
posed of 9600 atoms, with a length of 50 nm at 700 K for a few reasons, for one the (12, 12)
nanotube had a large enough diameter to allow for a Nickel catalyst with 249 atoms, larger than
the critical 100 atom limit that differentiates between a cluster and a structure. Furthermore,
the 700 K temperature is within the range of normal CVD temperatures between 700  900 K.
The length of the nanotube allowed the visualization of the effect of an applied magnetic field
on a sufficiently long nanotube, while still being able to clearly see any deformations and the
movement of the nanotube.
Using a (12, 12) chiral nanotube at 700 K with the various magnetic field strengths, the results
remained the same, the nanotube and catalyst moved steadily across the simulated environment
without separating, fragmenting, or experiencing sudden changes in stress or energy, leading
me to conclude that an applied magnetic field would not break the CNTs. Furthermore, an ap-
plied magnetic field would have the intended effect and gently tug the nantoube and catalyst in
a desired direction, or if applied so the force is in the axial direction, a straighter orientation
throughout the growth process.
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Chapter 4: Conclusions
I have shown that carbon nanotubes, using well defined and accepted potentials, fall within rec-
ognized values of tensile strength. Additionally, I have shown the length dependence, the tem-
perature dependence, and chirality dependence of tensile strength of CNTs of various lengths
and chirality. There being no dependence on length, the dependence on temperature being
that as temperature increases, the ultimate tensile strength of the carbon nanotubes decrease by
roughly 0.05%, and the dependence on chirality being that as chirality, and therefore diameter,
of armchair CNTs increases so does the ultimate tensile strength of the carbon nanotube, such
that one degree increase to chirality increases the tensile strength by about 13.5 GPa.
In conclusion, present results qualitatively validate the hypothesis that carbon nanotubes can
be manipulated using magnetic fields. I believe these results serve as a proof of concept that
with the application of a magnetic field during the growth stage of CVD will result in straighter
CNTs, and serve as inspiration to determine quantitatively how an applied magnetic field will
effect CNT growth.
These findings provide motivation to continue researching new ways to produce CNTs and can
help increase the potential uses for CNTs as they are grown straighter and potentially longer.
Present results indicate fundamental insight into how CNTs interact with their environment dur-
ing growth and what style of CNT will achieve the highest tensile strength as well as how the
environment during use will effect the tensile strength of the nanotubes.
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Chapter 5: Future Work
The underlying point of this project was to act as a qualitative proof of concept that carbon
nanotube growth motion can be manipulated using magnetic fields. In the future, the goal is to
determine qualitatively how magnetic fields present during the growth process influence carbon
nanotube growth. Therefore, the following section is the basic plan associated with pursuing
that goal. The ideal setup would be using chemical vapor deposition, specifically the tip-growth
variation, and either utilize strong bar magnets or a Helmholtz coil to supply the magnetic field
and influence the growth direction. Chemical vapor deposition is chosen for two main reasons,
it is a relatively simple setup and allows for the metal catalyst at the end of the nanotube, and
is one of the most efficient ways of producing single-walled carbon nanotubes. It should be
noted, there are things that were difficult to account for in the simulation, for example, different
chiralities can change the conductivity of the nanotubes, and I am unsure what, if any, kind of
effect this would have.
Equipment
The required equipment list is relatively simple, a chemical vapor deposition apparatus com-
posed of gas inlet, a quartz tube, a silicon wafer, a nickel catalyst, a furnace capable of about
1000 K, and a hydrocarbon and inert gas. A full list of required materials is as follows:
• Quartz tube with caps
• Tube furnace
• Gas inlet/outlet
• Metal catalyst (aluminum nanopores as an alternative test)
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• Hydrocarbon gas (Ethylene)
• Inert gas to aid in flow
• Silicon wafer
• Helmholtz Coil or Bar Magnets (most likely Helmholtz coils)
Figure 47: A simple example schematic of a rough CVD setup for CNT growth (6)
Experiments
In order to prove that the presence of a magnetic field affects the directional growth of a carbon
nanotube a series of experiments would be run, isolating and changing one parameter at a time















In order to get accurate assessments of the impact of the magnetic field on the growth, the rest
of the parameters will remain constant per variation in strength or orientation. For example,
two trials would be conducted where the input gas, catalyst, substrate, furnace temperature, and
growth time would all be constant, but in Trial 1, the magnetic field strength could be 0.1 T with
the field line running in the axial direction and Trial 2 the magnetic field strength could be 0.25
T with the field lines also running in the axial direction. Such trials would hopefully lead to a
correlation in overall length and “straightness” of the nanotube and determine where the break-
ing point is, the point where the magnetic force becomes too strong and causes fragmentation.
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Similar trials would be repeated with altering one of the other parameters per set of trials. For
example, the same format would be run, but instead of using a nickel catalyst an iron catalyst
would be used to determine what difference, if any, this would cause. I plan on changing each
parameter at least once, to set a good base line for what may be affecting the carbon nanotubes
and determining what the optimal growth conditions are. Once those conditions are established,
a second series of tests would be run, primarily centering on maximum length achievable, as
well as seeing what might happen if motion is added to the growth process. For example, if the
platform on which the CVD is resting rotates but the magnetic field apparatus remains station-
ary, what will occur? My hypothesis would be something along the lines of a braided structure
made from interwoven individual carbon nanotubes, something akin to Figure 48.
Figure 48: Example of an SEM image of carbon nanotubes being wound in to a fiber (24)
Measurement
To determine what degree the magnetic field affected the synthesis of the carbon nanotubes, two
batches will be grown; one with the magnetic field, one without and all other parameters will
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remain the same. Once the two batches are complete, the following techniques will be used to
verify the affect of the magnetic field had.
Scanning Electron Microscopy
Scanning electron microscopy, SEM, works by bombarding a sample with electrons and mea-
suring the emitted measurables. These measurables include secondary electrons, backscattered
electrons, and x-rays. Because electrons are prone to interacting with other substances, the
entirety of the system is kept under vacuum, thus preventing the low path length of electrons
through air from interfering with the measurements (30).
Electrons are generated from an electron source, or an electron gun, which is typically a tung-
sten filament cathode. Tungsten is used due to it having the highest melting point and lowest
vapor pressure of all metals, allowing it to be electrically heated to emit electrons without com-
promising its structure. Next, electrons travel through an electromagnetic condenser lens. By
applying various currents, the disc of least confusion (focus) is adjusted to capture an image
of a sample a specific distance away. Next electrons go through a ”scanning coil assembly”,
which controls the electron scanning and tells the detector what the scanning time is. Next,
electrons pass through a ”probe lens”, which focuses the electrons to a fine point to scan across
the sample. This step ultimately determines the resolution of the image. Finally, the electrons
are at the sample (30).
Electrons are generated from an electron source, or an electron gun, which is typically a tung-
sten filament cathode. Tungsten is used due to it having the highest melting point and lowest
vapor pressure of all metals, allowing it to be electrically heated to emit electrons without com-
promising its structure. Next, electrons travel through an electromagnetic condenser lens. By
59
applying various currents, the disc of least confusion (focus) is adjusted to capture an image
of a sample a specific distance away. Next electrons go through a ”scanning coil assembly”,
which controls the electron scanning and tells the detector what the scanning time is. Next,
electrons pass through a ”probe lens”, which focuses the electrons to a fine point to scan across
the sample. This step ultimately determines the resolution of the image. Finally, the electrons
are at the sample (30).
The basic imaging through measuring secondary electrons would be the main use. By using
an SEM to get an image of the carbon nanotubes it would be possible to compare the relative
straightness of the two samples. Additionally, most scanning electron microscopes have built
in imaging software that can be used to measure the length of a sample. I believe that an SEM
would be an appropriate tool because of its resolution. An average scanning electron micro-
scope can have a resolution of about 10nm, and as most carbon nanotubes are at least this long,
it should be possible to compare the relative straightness and length of the two samples (23).
Raman Spectroscopy
Raman spectroscopy is a spectroscopic technique that uses the scattering of light to determine
vibrational modes of molecules, which are then used to characterize the sample being examined.
When light encounters an object, there are several different processes it can undergo, reflection,
absorption, scattering, etc. Raman spectroscopy is based on light scattering after it comes in
contact with a substance, but the scattered light is at a different energy level than the incident
light. However, the scattered light does not have exclusively different energy from the incident
light. When the scattered light has the same energy as the incident light it is known as Rayleigh
scattering, or elastic scattering, which is a more common result than inelastic scattering (23).
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One of the benefits of Raman spectroscopy is that it can be used to analyze the components
of a large range of materials, including carbon nanotubes. There already exists a fair amount of
literature on using Raman spectroscopy to analyze carbon nanotubes, which is a good indica-
tion of its validity as well. The purpose of using Raman spectroscopy in regard to this project
would be to verify the existence of multi-walled carbon nanotubes as well as determine the pu-
rity of the nanotubes, as seen in the paper “Perspectives on Carbon Nanotubes and Graphene
Raman Spectroscopy”. This technique would be less for comparison between the two samples
and more for guaranteeing that the properties observed in the other two techniques stems from
the carbon nanotubes themselves and not some impurity in the material (22).
Tensile Strength
As well as simply verifying the purity of the carbon nanotubes, I would also test the tensile
strength of the synthesized carbon nanotubes. As of now, there is some difficulty associated
with this due to carbon nanotubes limited size. However, there is a precedent of using certain
SEM set ups involving manipulators, force sensors, piezo-resistive cantilevers, and electron
beams. This would serve to further verify the validity of the carbon nanotubes as well as de-
termine if there is an effect on tensile strength of carbon nanotubes being grown under tension
from a magnetic field (11).
In effect, the goal of the second stage of this project will be quantitatively validating the hypoth-
esis that the presence of a magnetic field can affect the growth direction of carbon nanotubes in
tip-growth chemical vapor deposition and to what extent it can be used to manipulate the overall
length, straightness, and structure of carbon nanotubes, ultimately making them more effective




5.1.a: LAMMPS Units Metal
For style metal, these are the units:
• mass = grams
mole
• distance = Angstroms
• time = picoseconds
• energy = eV
• velocity = Angstroms
picosecond
• force = eV
Angstrom
• torque = eV
• temperature = Kelvin
• pressure = bars
• dynamic viscosity = Poise
• charge = multipleofelectroncharge(1.0isaproton)
• dipole = charge ⇤ Angstroms
• electric field = volts
Angstrom
• density = gram
cmdim
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5.2: Tensile Strength v. Temperature Plots



















Stress Strain curve of a (2,2) CNT at 280K
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Stress Strain curve of a (2,2) CNT at 297K
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Stress Strain curve of a (2,2) CNT at 297K
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Stress Strain curve of a (2,2) CNT at 508K
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Stress Strain curve of a (2,2) CNT at 500K
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Stress Strain curve of a (2,2) CNT at 509K
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Stress Strain curve of a (2,2) CNT at 710K
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Stress Strain curve of a (2,2) CNT at 704K
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Stress Strain curve of a (2,2) CNT at 712K
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Stress Strain curve of a (2,2) CNT at 881K
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Stress Strain curve of a (2,2) CNT at 909K
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Stress Strain curve of a (2,2) CNT at 904K
Stress-Strain
Ultimate Tensile Strength
Figure 60: Tensile strength dependence on temperature of a (2, 2) chiral CNT with a length of
75 nm
























Stress Strain curve of a (6,6) CNT at 297K
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Stress Strain curve of a (6,6) CNT at 302K
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Stress Strain curve of a (6,6) CNT at 290K
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Stress Strain curve of a (6,6) CNT at 497K
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Stress Strain curve of a (6,6) CNT at 470K
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Stress Strain curve of a (6,6) CNT at 493K
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Stress Strain curve of a (6,6) CNT at 707K
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Stress Strain curve of a (6,6) CNT at 701K
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Stress Strain curve of a (6,6) CNT at 704K
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Stress Strain curve of a (6,6) CNT at 903K
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Stress Strain curve of a (6,6) CNT at 916K
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Stress Strain curve of a (6,6) CNT at 905K
Stress-Strain
Ultimate Tensile Strength
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